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Set tion   1 

[NTROOUCTION 

The u»« of explosiv«! was studied during thit program as a technique 

lor achieving vaporization and tin- relcaee oi free metal atoms.     The energy 

release rate and total energy per unit maas is very high lor many commer- 

cially available explosives.     %■ a comparison,   the power density from an 

acetylene    flame  if approximately 10    watts em"3,   while that from high ex- 

plosives ii approximately  10      watts cm"3.  '    Two principal methods have 

been utilised to transfer explosive energy to the material to be vaporized, 

i.e., the target material the contact method and the collision method. 

Both methods incorporate technique! to pass high energy shock waves through 

their targets; this increases entropy of the target and hence its temperature. 

The increased heat content causes partial vaporization of the metal. 

In the contact method,   the metal to be heated is placed on the out- 

side,   but  in direct contact with the explosive.     The detonation shock from the 

explosive passes into the metal,   with the pressure levels sad efficiency of 

energy transfer governed principally by the shock impedance match of the 

explosive/metal system.     For the case of a highly efficient explosive  such as 

PBX 940-4 with a density of  1.82 g/cc and iron at  normal crystalline density, 

S  pressurs U vel of approximately 500 kilobars" can be achieved in Iron.     The 

shock ' temperature in the iron would be  slightly  less than «00* K which would 

Subsequently decay rapidly to under 6008K wUh passage of tiie shock2.     This 

iron temperature is too low for large scale vaporization to occur.    Increasing 

the amount of explosive with respect to the target mass will not produce an 

increase' in entropy (or peak temperatur. ) m the target with the contact 

method,   although the temperature decay time profile could be altered slightly. 

Hence,   the direct contact method using normal densitv iron would not be ex- 

pected to produce  sizable clouds of free iron atoms. 

One way to increase entropy in the metal is to significantly lower the 

initial compaction or density of the material to be heated significantly below 

nor nal Crystalline densities.     Upon passage of a  sliock,   a substantial amount 

of work is expended m irreversibly crushing the voids between particles.     The 

I 



largo change, in ipecific vulun.e occurring on compression ia not   reversed 

as the shock passes and the mater.al is.-nt ropically   unloads (expands) due 

to exposure to a hard vacuum.   The residual energy appears as internal 

energy producing higher peak ten.peratures m the porous target material 

than found in materials with normal crystalline densities. 

The collision method leparatei the material to be heated from the ex. 

Plo.suc.   ü.e of the eoUi.ion method usually permit! greater energy transfer 

to target material« than found In the direct contact method. This method em- 

ploys a    fiver plate     launched by a detonating explosive.     After travelling a 

short distance,   this plate collide« With the target,   producing shock wave« 

Which pas« through both flyer and target.     The flyer ph.te velocity i. a func- 

tion of explosive charge-to-plate mass ratioj plate velocitie« approximately 

lour times those of tlm maximum particle velocities nchievable with high 

energy exploeive« in the direct contact method« can be produced.    For ex- 

ample.   *n iron plate traveling at 4 km/sec  impacting on an iron target will 

produce pressures o. approximately one megabar in crystalline density 

iron.       This in turn would produce a peak temperature of approximately 

2000^K.   which relaxes to approximately  HOtTK after shock passage.     Using 

flyer plates made of materials with higher shock impedences than iron 

(such as the tantalum used here)  significantly increases ta rget plate entropy 

and peak temperatures for a given impact velocity. 

An alternative direct contact technique could employ a uniform 

dispersion of metal particles in the explosive.     Considering the shoe- 

heating phenomena only, the method is equivalent to the direct contact 

technique discussed above.   However, the residence time of the particles in 

the reaction zone could likely permit the attainment of temperature« ap- 

proaching those of the detonation temperature of the explosive.    Chapman- 

Jouguet (C-J) temperatures for two military explosives which are major 

constituents of the plastic bonded explosives used in these experiments are 

listed in Table I.     The highest density i. approximately the maximum 

achievable.    The lowest value approaches a minimum stable compaction. 

Temperatures near  iOOO^K appear to be achievable. 



HMX 
RDX 

Table I 

Detonation Temperature for HMX and RDX in "Kcivin" 

Density in g/cc 

1.0 

3587 
2588 

1.4 

3258 
3272 

1.6 

2955 
2970 

l.H 

2588,K 

1.9 

2364'K 

Metal loadings of up to 25% total weight can probably be used.    This would 

be a Significant gain in reducing charge-to-mass ratios over the equivalent 

flyer plate system.    For example,  a charge to flyer mass ratio of approxi- 

mately 9 to  1   it  reriuired to achieve flyer plate velocities whu h produce 

equivalent temperatures in porous iron.    It must be renembered.   however, 

that the attmnment of near eqmlibrmm temperatures w.th the in situ metal/ 

explosive system is highly speculative and remains to be experimentally 
verified. 

Other variations of the above techniques   are possible for increasing 

pressures and temperatures in target materials.    These could employ the 

principles of shock wave interaction such as the formation of Mach stems or 
stagnation zones. 

The choice of testing the dying plate techniques m the present studies 

was based on the success of similar work at the Max Planck Institut (M.P.I.), 

in Germany and the need for producing large increases of entropy in the 

target.    This was especially true for iron due to its relatively high melting 

(2200»K) and boiling (3300-K) temperatures.     Twenty-two experiments were 

performed in the course of these studies to determine the effects of explosive 

composition and configuration,  flyer plate thickness and velocity,  and target 

porosity on iron vaporization.    Analytical models were also investigated to 

show vaporization trends as these parameters are varied. 



Section d 

EXPERIMENTAL METHOD 

The p-escnt experiments were performed in the Calspan high al- 

titude test chamber shown in Figure 1; it is 4 m in diameter and 12. 2 m 

lonu and made of  1, i cm thick steel .vluch is covered with a  low vapor pres- 

sure epoxy.    The chamber was routinely evacuated to prePsures near 

2x10      torr usin^ the  >6 Inch oil diffusion pump and two high volume Roots 

blowers.    The flyer plate launch assembly and iron target plate Arc located 

at one end of the chamber,  and the various diagnostic instrumentation are 

deployed downstream of the metal target  release point. 

High speed photography was used to obtain tile  relationship between 

axial and radial velocities in the expanding  jet.    At a preset time after flyer 

plate impact on the iron target plate,   an EGltG Flash lamp is triggered and 

produces about  SO million candle power with a  1.5 |isec duration time.    A 

shadow is obtained on i translucent.   Mylar  screen; the shadow is caused 

by light absorption and scattering due to the particulafe and gaseous ma- 

terial in the flow field.    Knowing the exact  release time,  and the time at 

which the shadowgraph was taken,   enables calculation of the radial and axial 

velocity components. 

A  1/2-nett r Jarrell-Ash monochrometer and a  1000 watt Xenon arc 

lamp are located 231 cm downstream of the flyer plate assembly.     The arc 

l?mp acts as a broad band reference light source,   and the monochrometer 

is used to mea&ure absorption due to atomic and particulate matter.    The 

integrated absorption over a pressure broadened atomic iron line can be re- 

lated to the line-of-sight densities between the arc lamp and the monochro- 

i leter.    The  3719. 94 A line in iron was used.     For atom densities in the 

10      to 10      cm       range,   the absorption line width is proportional lo the 

atomic concentrations and ranges between a few tenths to several angstroms. 
o 

Asa best compromise,   a monochrometer resolution of 3.0 A was used in 

these experiments. 



Three photomultipliers on the output of the JarrcU-Ash monochro- 

metir wire used to record tin- light scattering/absorption due to particulatc- 

and gaseous spi-cits.     Each piiotomultiplier output was monitored in real time 

on dull beam oscilloscopes that were   triggered and ti iu-d to start recording 

data upon H. E.   detonation. 

Several high energy Iragment shields were located within the con- 

fines of the chamber.     These were constructed of iM inch thick steel plates 

located so   is to stop direct  impact o^ the released material on the chamber 

walls.     The  shields became heavily pitted,   but contained the explosive  re- 

leases throughout the  program. 

The experimental system is illustrated in the block diagram shown 

in Figur«   i.     The fire  switch at the right is used to control the i'igh Explosive 

(H. E. ) detonator,   the high speed camera,   the EGK-G flash lamp and the trig- 

ger inputs to the dual beam  recording oscilloscopes.     A Cordin high energy 

pulser was used to rapidly trigger the  several detonators tested during this 

program.     It supplies a  5000 volt pulse,   having a  rise time of 0. 3 micro- 

seconds.    Tlusfast rise pulse coupled with the fast acting detonator and il.E. 

cause the flyer plate to be launched and reach maximum speed within I few 

microseconds. 

Two specially designed timing pins were used to determine fl\er 

plate velocities.     They were shorting-pin type units that resulted in two 

pulses that are a measure of the time it takes the flyer plate to travel a 

fixed distance.    These signals were also used to predict more exactly the 

time of flyer plate impact upon the iron targets. 

Two photodiodes (EGKG) were used to monitor the exact time at 

which tin.   U.E.   detonation and the EG*vG flash lamp signals occurred.     The 

signal from each photodiode was recorded using dual beam oscilloscopes. 

Each oscilloscope could be triggered only once,   and its recording start-point 

was controlled by the fire switch shown in Figure 2. 



I. 1 CAL8PAN FLYER PLATE LAUNCH ASSEMBLY 

A tlyt-r plate launch abscmbly that would produci- high plate veloci- 

nos,  and could sinultaneously be scaled to largtr sizes waa designed,   fabri- 

cated and tested during this progrim.    Tne system is shown in Figure 3. 

The heart of the system is the distributor pi   IM,   fabricated of Lexan 

polycarbonate plastic and shown as callout 3 in the figure.     A series of 

grooves in the     .ate provided a distribution network for transferrm-.' the deto- 

nation from l single point input to a 1Z point simultaneous output.     This net- 

work is extrusion loaded with Extex 8003,   an 80% PETN -20% silicone elas- 

tomer bonded explosive.     The plate also contained strategically placed void 

grooves to attenuate cross channel shocks which t^nd to degrade system per- 

formance.    Test fire results for one of these plates are listed in Table II. 

These were obtained from streak camera records by Mason ^ Hanger-Silas 

Mason Company,   operator-   »f tue Burlington A. E.C.   Plant and fabricators 

of the plates.     The detonator used for this test was an EX12B EBW type.     The 

measured standard deviation of 41  nanoseconds for the  1Z points appears to 

be more than adequate and is conservative from   i design limitation. 

The detonator compatible with this design and normally used at 

C.ilspan was a  Reynolds  HP-87 EBW  type.     Use ol  larger detonators could 

result in point drop-out due to shock interference,   or out of phase emergence 

due to decaying velocity in the distributor network.   The Reynolds RP-87 det- 

onator is recommended for safety and timing considerations at reasonable cost. 

The simultaneous detonations from the twelve discrete output points 

initiates and spreads in the PBX-9407 booster pellet.    PBX-9407 is composed 

of 94% RDX bonded with 6% Exon 461  plastic and has a steady-state detonation 

velocity of 7.9 km/sec.      at 1.60 g/cc density.    It provides a smooth transi- 

tion of the detonation from the distributor plate to the main charge. 

Two different HMX based main output charges were used in these 

experiments; they were PBXN-5 and PBX 9404.     The PBXN-5 is a Navy-type 

approved explosive consisting of 95% HMX and 5% Viton elastomer binder. 

The PBX 9404 is composed of 94% HMX with 6% binder consisting of equal 

parts of nitrocellulose and tris-|^-chloro-ei/iylphosphate.     The two explosives 



Table II 
DISTRIBUTOR  PLATE TIMING SfcXUJENCE FOR 

EACH OF THE 12 POINT DETONATIONS 

Point Number Time to DetoiUkte 
xtsec 

1 Z.578 

I Z.537 

h L. 55a 

4 I. 576 

5 2. 572 

6 2.582 

7 2.574 

8 2.524 

9 2.490 

10 2.571 

11 2.478 

12 2.473 

Average Transit Time:   2.542 ji sec 

Maximum Spread - Fastest to Slower Points: 0. 109 ^ sec 

Standard Deviation - 12 points: 0.041  ;i sec 

Detonator Timing:    2.622 (i sec 

Piece Temperature:    56°F 



have nearly equal detonation velocities of approximately 8.8 km/sec. 5  at 

1.H4 g/c«      PBX 9404 I. parUcularly well known as an excellent metal ac 
b celerator. 

As the detonation expands laterally f-om the discrete initiation pomts 

«hock interaction will occur on ünes equidistant from neighboring points, 

producing high pressures and locally high velocities.    In a properly designed 

multi-point .-stem,   these local discontinuities w,ll not become unstable,   but 

will aid rapid buildup of tin- primary shock front to steady state conditions. 

The output from the mam charge is essentially |  steady-state plane wave. 

This plane wave drives the flyer plate intact to the target. 

Several experiments were performed during this program with the 

U.E.   assembly simply mounted in free space and aligned to cause direct and 

uniform flyer plate impact on the iron targets.    Since flyer plate velocity can 

be increased by confining the explosive charge,   an enclosed configuration 

shown in Figure 4 was al.u tested.    In this configuration,   the high explosive 

is confined in a thick steel enclosure which essentially cannot mo-e until the 

flyer plate is launched and on its way toward the iron target.    The metal 

holder was completely destroyed during each test.     The largest fragments 

were about 1/2-inch in diameter,  and most of the holder appeared as smaller 
pieces scattered about the test chamber. 

Based on Gurney calculations. 7 velocity enhancement of about 9% 

would be expected for the 9. 5 to 1 charge-to-mass (C/M) ratio used here. 

Confinement is much more effective at lower C/M ratios,  although net or 

fmal velocities are reduced.     At unity C/M ratios a 60% velocity increase is 

indicated    for confined charges over the open-sandwich model.    Experimental 

results at Calspan tend to support these calculations,   and an improved metal 
vaporization efficiency was measured. 

Design considerations for future experiments could include a spheri- 

cally shaped charge and flyer plate to further increase plate velocities and 

subsequent vaporization.    The spherical shape would approximate a uniformly 
confined configuration. 

^aMaaaaMaa 



I.I MAX PLANCK INSTITUT     FLYER PLATE ASSEMBLY 

The flyer plate assembly designed and used at both M. P. I.   and in 

this program is shown in Figure 5.    A Suiss-made detonator,   sold under the 

trade name Euratom,   was incorporated to trigger the H. E.    It is a hot ^ire 

type similar to U.S.   M strength electric blasting raps.    A tetryl booster and 

specially refined castable H. E.   composed of 19% RDX and 15% TNT w?.s used 

as the main charge.    The units were made by the Messerschmit-BolKOw- 

Blohm Corporation,   Germany.    They are identical to those previously tested 

at M. P. I.    '      A thin (0. 00 i in. ) polyacetate film and a tantalum flyer plate 

were cemented to each other and directly onto the main explosive. 

Two shorting wire type pins for timing the arnvnl of the flyer plate 

are    shown located just outside the steel shield which Wftl used to partially 

confine the detonation products.     The ends ox these -ammg pins were  1. 3 cm 

-part,   and typical timing between successive pulses was between 2 and 3 

microseconds.     The complete assembly is destroyed m each experiment. 

The porous iron target plate shown at the far left in Figure 5 was 

cemented in place as in the Calspan design.    Iron plates having porosities 

rangin- between 58% and normal crystalline densities were shock heated and 

tested,    iiasically this configuration and the Calspan design are very similar, 

but the Calspan design should be more accurately scalable to larger payJoads. 

It would be relatively simple to incorporate more than 12 points in the dis- 

tributor plate in a larger Calspan de.ign.  and would be more vo.ametrically 
efficient. 



Section < 

VAPORIZATION 

Tlu- number of free iron atoms that an- rt-leasrd as a rnsuit of shock 

heating was determined by atomic absurption  spi-ctroscopy.    Since the ex- 

pected concentrations were inyh.   n-sonant-line shape was dominated by pres- 

sure broadening; a computer program   vas ust-d to calculate the expected line 

shapes.    The absorption was calculated by integrating over these line shapes 

and then compared to measured absorption signals.     The comparison enables 

the determination of the centerline free atom densities in the high altitude 
test chamber at any given time. 

The flow field contains solid,   liquid,  and gaseous particles.    To 

distinguish between the number of free iron atoms and particles,  the absorp- 

tion in three wavelength regions was measured and compared to each other. 

The gas phase absorption by iron was monitored at  3719. 94 ± 1. 5 A which 

corresponds to the transition between the 5D4 ground state and its 5F    upper 

state.    The measured oscillator strength for   this line is reported   bv Huber 
10 

and Parkmson      to be 0. 041.    Signals resulting from scattering due to parti- 

culates were monitored at 3710 ± 10 A and 3730 ± 10 A to bracket the resonant 

iron absorption line.    The signal differences between continuous and resonant 

absorption were used to determine the number of iron atoms in the light path. 

The number of atoms,   n,   in a symmetric jet of radius   Y     and of 
length dx at a given time is given by: 

(1) 

where: p   = atomic densities. 

The atom and particulate velocities are assumed equal,   constant in time,  and 

originating from a point source.    Thus flow velocities are given by 

t 
and y  =   X (2) 

10 



and the gas density distribution can be described by ^ 9 

(3) 

where:     A     =    symmetric jet centerli \e density 
HI      =   constant; taken to be I based on the 

experience at M. P. I. 

Substituting equation 3 into 1 t^ivcs 

(4) 

The differential light transmission due to the atomic and particular 
matter is given by 

wf \'ZL 1*1 a (5) 

where: y      =    minimum of YR and 198. 12 cm (the 
inside radius of the Calspan test 
facility. ) 

k.      =    absorption coefficient due to either atoms, 
molecules,   or particulates. 

For atomic species,  the absorption coefficient is given by 

(6) 

where: e 

c 

m 

K 

= 4.8032 x 10-10 esu 

= 2.9979 x 1010 cm/sec 

= 9.1055 x 10'20 gm 

= fg    /1.499 Ac
2 g "m    fz—i      , c    bn 

= 3719.94 A for iron 

= 0. 041 for iron 

11 



Substituting equation b into 5 and intfijrating ovt-r the patlilength   \'      gives» 

optical transmission as a function of u avikngth and number of atoms per 

unit axial length (dn/dx).    Typical transmission fur iron having a c»nterline 

density ol  10      atoms cm        md   t  radial expansion limit of 100 cm is s-'v^n 

in Figure o; the curve labeled resonant ;>^sorption is an integrated computer 

solution ot equation 5.    The curve sho\. s a typical linev-idth ol 0. *5 A at half 

height absorption.      superimposed un this res.mant absorption is tne meas- 

ured entrance and exit  slit function for the .larrell-Ash mono«, hrometer. 

The cross-hatclied area is proportional to the number ot ph -»tons ta.it   tr< 

detected.    Computing these transmissions at various cent>rline densities and 

values of  dn/dx gives sets of data that can be used to relate transmission to 

vnrioui values of dn/dx.     A plot of such curves is  shou n in Figure 7.    Trans- 

missions are given for various values ol dn/dx as a function of the radial 

expansion parameter,   Y. .     Eacli experimental transmission measurement 
A D 

at   1719*94 A  can tiien be used to determine a valuo for the number of iron 

atoms in the expanding jet. 

The monochrometer exit-plane detector configuration,   which was 

used to compare particulate matter absorption and resonant absorption by 

iron atoms,   is shown in Figure h.    Microscope cover slides were aluminized 

and placed so as to divide the pboton flux from the Jarrell-Ash monochrometer 

into three photodetectors.      Dumont type 6467 photomultiplier tubes were 

placed so as to detect the resonant absorption line (Photomultiplier ;'Z),  the 

continuum absorption over the adjacent 10 A toward the ultraviolet (Photo- 

multiplier al) and the continuum absorption over the adjacent 20 A toward the 

red (Pho'.omultiplier   fi).    Prior to each experiment,   a hollow   cathode dis- 
i 

charge lamp was used to adjust the center slit so as to have the 3719.94 A 

iron resonant line exactly in the center of the middle exit slit.    Each of these 

outputs is fed to recording oscilloscopes.    Comparing the three recorded 

signals at known ti.nes enables a direct determination of preferential absorj;- 

t. MI due to free atoms and as well the velocity of the expanding jet relative to 

tilt- particulates and the other explosively released products. 



3.1 PARTICLE VELOCITY MEASUREMENTS 

A series of shadowgraphs were taken in an attempt to obtain a 

relationship between the radial and axial velccitus in the expanding jet.    The 

photographic system included a high speed Graflex 1000 shutter-camera 

combination and a hii;h power flashlamo.    The flash duration was set at I. 5 

microseconds.    However,  the jpen time of the Grafkx shutter could not be 

reuuced below  about 10       secouds.    Consequently,  the light released due to 

the explosive detonation over the  10~    seconds camera open time exceeded 

that due to the flashlamp and no meaningful measurements were obtained. 

The system has been modified to incorporate an image converter which 

enables effective camera shutter open times of 10       seconds,   and hence the 

background light should be small.     The infrared technique will be used in 

future studies. 

Since a relationship between the axial and radial velocities is re- 

quired to analyze the   Jata,   the velocity profiles from other similar investi- 

gations were used.    Figure 9 was obtained from data published by Michel et 

ai.       The radial velocity,   Y,   is shown as a function of the axial velocity,  X, 

The two curves show the differences between a plane wave (20t=  180°) system 

and a shaped charge (ZO, = 4:.   ) configuration.     The velocity distribution for 

the latter (Figure 9b) was used to analyze the data pre sented in   Section 5. 

The majority of our experiments were conducted usine the metal confining 

techniques shown in Figure 4,   and hence,  the velocity distribution from a 

shaped charge system appears to best simulate the system studied. 

13 



Section i 

IHEORCTICAL PRE DICTIONS 

Several researcher! have recently propooed equations »of* state for 

metali     * that -»r»  devigned to relate measurahle parameter! to 

increase! in lystem entropy) pressure, and temperaturet    The equation*of« 

!tate proposed and ihown to lit the available experimental data by R. J. 

Naumann    is considered to be the most accurate at tliu present time«    The 

inalyse! presented in this section are based primarily on Naumann*! analyti- 

cal model. 

Consider a metal    A' that is traveling at a velocity  \\.    in tree space. 

When this    flyer plate     strikes a    'target" material    T.   ,   a shuck wave  is 

generated in   T>   ,   and a shock wave travel! back through   'A ' up to the time 

it readies the opposite ljoundar\  of each material.    The shock waves travel 

away from the impact surface; hence,   that part of the flyer plate     A ' through 

which the  shuck «rave ha! not passed is  still traveling at the flyer plate veloc- 

ity,   w.     The  remainder of    A    lias had the shock wave pass through it and ha! 

experienced a particle velocity jump vqual to u; - Up,,.    Similarly,   the target 

'B ' has experienced a velocity jump equal to     U-^B      due to a  shock wave 

passing through it.     After being shock heated,  the pressure,   p,   and particle 

velocities, J.pfi and   u.^8    ,   are equal in both materials     A ' and     IV and equal 

to their post shock values.    Figure-  10 was prepared using this impedance 

matching concept.     The Hugoniot curves for the tantalum flyer plates used in 

these experiments were determined by plotting the velocity jump,   uX - a^  , 

after shock passage based on the UCLA Hugoniot data.    The Hugoniot curves 

for iron at the several porosities tested were obtained using Naumann's 

equation of state.    The intersection point of the two curves for a given test 

condition determines the post shock particle velocity and pressure for a 

measured flyer plate velocity and target porosity.    Thus,  a direct rt lation- 

ship can be determined between flyer plate velocities and post shock particle 

velocities in the target material. 

11 



Substituting the correct equation-of-state for iron into the Hugoniot 
relation. 

£, (-^v,) - «.(^V.J -   | (r,*f>0)^0 - vf) (7) 

where:        £    =    internal em rg) 

V   =    volume 

P   =    pressure 

subscript "o ' is the pre-shockid condition 

subscript     1 ' is the post-shocked condition 

allows direct calculation of the thcrmodynamic variables of the post-shocked 

material.    Figure  11    :> is an example of the computer calculated results ob- 

tained using Naumann's equation of state.    For a given post-shock pressure, 

the post-shock specif.c volume can be determined.    The curves presented in 

the figure represent this relationship for the iron samples tested.     The moi • 

porous the material (m = 1. 72) the higher th- post-shock pressure for a give.. 
relative volume V/V  . 

o 

A relationship between post-shock particle velocity and system 

entropy can also be determined using Naumann's equation-of-state.     This 

relationship is pre sented in Figi re  12 15 as a function of initial target poros- 

ity.     The less dense the target's initial structure,  tue greater the targf t s 

post-shock entropy,  and hence,   the higher its post-slv.ck temperature. 

The entropy added to the target can be determined through the use 

of Naumann's equation-of-state and the Hugoniot condition.     The flyer plate 

velocity can be measured and used to determine the target's post-suock 

particle velocity and pressure.    All other thermodynamic parameters are 

then calculable,  and a series of curves can be constructed which will relate 

flyer plate velocity to final system entropy. 

Once the target entropy is known,   it can be used to determine the 

unioaded-system thermodynamic parameters.    The unloading is an isentropic 

reduction in the target's pressure and temperature.    By equating the target's 

post-shock entropv to that measured in a normally heated sample of iron, 

the iron temperature after being exposed to a vacuum can be determined. 

15 



r 
h i^urt' 13 pres«Hti the entropy for iron as a function of temperature accord- 

lag to the tabulation of Hultgren et    al.     '    Each of the phase changes  is 

shown in both the solid and liquid«     The temperature and state of the unloaded 

iron target c in be determined at the instant of shock unloading.    The number 

of .apor atom« expected to be released from a droplet or disc of iron at a 

known tem^   raure can then be- calculated« 

Alternatively, the vaporiz^on can be measured as wai done in 

these experiments,   and a verification of the accuracy of this equatmn-of- 
state completed« 

16 
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Section 5 

SHOCK-HEATED IRON 

Iron having porosities covering the range between 58% and 83% of 

normal crystalline densities were shock heated using the flyer plate method, 

and the degree of vaporization was measured in this experimental program. 

The iron matrix in the pre-shocked condition was studied using both a Bausch 

and Lomb Research Metalograph (resolution-limit/-^O. 5 ^ diameter particles) 

and an ETEC-Autoscan scanning electron microscope (SEM).     Typical re- 

sults using the light microscope are shown in Eigure  14,   and results for 
several surface areas and magnifications using the SEM arc  shown in Fig. 

15.     The advantages of the SEM are obvious and show that thf matrix is com- 

posed of 2 to 5 fim dia.  particles interspersed among a few large and a great 

number of smaller voids.     The effects of    large ' voids has not been de- 

termined;   however,  as will be shown,  the measured vaporization is greater 

for porous samples than it is for normal density iron. 

Normalized monochrometer signals,  as measured for two of the 

twenty-two experiments completed during this program,  are shown in 

Figures  16 and 17.    The main difference between  the two experimental con- 

figurations is the target plate thickness.    Both target plates had a porosity 

of 58% normal iron density,   were hit by a 0. 13 mm thick tantalum flyer 

plate traveling at about 6 km/sec,   used the Calspan-designed fjyer launching 

system,  and had a PBX 9404 H. E.   main charge.    The transmission curves 

are normalized outputs from the  recorded oscilloscope signals of the three 

photomultiplier outputs.    The signals are presented as a function of time 

after flyer plate impact on the target plate. 

The transmission signal at the iron resonance wavelength is obtained 

by integrating Equation 5 to give 

(8) 
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where: 1-     =        output from the photomultipher monitoring 
re o 

the  3719.94 ±  1.5 A iron rebonant line. 

Subscript    o    indicates no absorption 
i 

k       =        averaue value of absorption coefficient due 
a h ' , 

to atomic iron over distance   \      -md at 

1719.94 i 1.5.A. 

k       =       average value of absorption coefficient cue 
P 

to pi rticul ates over distance   \      and at 

J719. 94 i  1.5 A. 

Th«.' Iransmiasion signal due t.» particulnte matter at wavelengthi longer and 

shorter than the iron resonant absorption line are given by 

(:v- 
t-*;» 

191 

.i nd 

sA ^H>. e 
"KV (10) 

where:       k      =      averase value of absorption coefficient at 
P 

wavelength! longer than 1719.94 A 

k'"    =        average value of absorption coefficient at 
I5 

wavelength!  shorter than  >7I1*, ''4 A 

respectively.     Dividing the transmission llgnal at the iron resonance wave- 

length by that dm   I > particulate matter,   gives I measure of the absorption 

due to free iron atoms.    Dividing Equation 8 by Equation 10 and assuminj! 

k        I'    B»vei M«'« ') 

(11) 

w he 'c the resultit 

fre«.' iron atoms were in the flow stream. 

A„   =      the resulting transmission at 1719.94A if only 
r ».• 

18 



and        I      and k'"     are assumed equal to equivalent constants 
sh p ■ 

at   3719.94 A. 

Substituting these experimentally determined transmission characteristics 

into Eq.   5 gives a measure of the number of atomic iron atoms contained in 

the monochrometer's line of sight.    The computed transmissions as a func 

tion of  dn/dx   is shown in Figure 7. 

The physical extent of the vapor and parUculate cloud is obtained 

through the use of shadow photography.    The radius.   YR.   of this vapor cloud 

at the monochrometer's line of sight is given by 

YB=yt l«l 

where:     y   ■     radial velocity of the vapor-particulate 

cloud as given by Figure 9b 

t    =      time after flyer plate impact on the iron 

target plate, 

the axial velocity of this cloud is given by 

x . tit (15, 

where:     d   =     the distance from the target plate to th. 

monochrometer line of sight,   231  cm. 

The data presented in Figures  18 and 14 were obtained by a point- 

by-point calculation of the iron atom distribution as a function of the axial 

velocity,   X,  for each of the target conditions used to obtain the data pre- 

sented in Figures 16 and  17,   respectively.   Both configurations give about 

thesamenumber of free iron atoms:    l.«x 10M atoms for the 0.76 mm 

thick target and 1.7 x 10^ atoms for the 1. 0Z mm thick target.    However, 

the percentage vaporized is 75% for the thinner target as compared to 55% 

for the thicker one.    Table III presents a summary of the data obtained by 

varying target and flyer plate properties as well as the method used to hold 

the H. E.  and flyer plate. 
19 
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Section 6 

SUMMARY 

A Mfh altitude test chamber has been instrumented and used to test 

ni.la, vapor^non techniques.     The main emphasis here W.. to und those 

techniques wMch provide fast   .nd efficient energy coupling between the 

energy source and metal.     Explosives were used to accelerate tantalum 

flyer plates to Ugh velocit.es.     These flyer plates produce stron, shock 

.aves in tar.et metal , lates upon impact.     The net ener.y transfer has been 

shown to be sufficiently high to cause a SO to 100% vaporization in porous 

iron.    The techniques can be further refined and scaled to larger configura- 

tions. 
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Figure 4    STEEL ENCLOSURE USED TO CONFINE DETONATION PRODUCTS 

2i> 



H O 
<t 
P.o 

a 
UJ 
CO 
D 
O 
z 
< 
o 
UJ 
z 
Ü 
to 
UJ 
O 
CO 
< 

CO 

UJ 
CO 
CO 
< 
11- 

zt- 

<co 
-JZ 

Q.< 
iv--1 
OCQ. 
UJ   ■ 

U.S 

in 
0) 
3 

27 



r 

o 
UJ z 
111 
D 
< 
O 
cc 
00 
UJ 
cc 
D 
GO 

UJ 
cc 
a. 

0) 
3 
ai 

NOISSIIAISNVbi 

28 

___^_ 



'. 1— 

•   I CM 
E 1 E I 

O 

g o 
in | 

CM ^ 
II n ii 
00 OB m > > > 

Q 
LU 
H 
< 
QC 
a 
LU 

Z 

I 

NOISSIWSIMVU1 

29 



r 
371994 A 

♦ 15 A - TYPICAL LIGHT PATH 

.3710 A 

♦ 10 A 

Ml 
COV 

/^ÄLUMINIZED// 
C^OSCOPE w/    SURF ACE VZ 
IVER SLIDES      ,7 --\      Arn     BLACK 

^ 1 

I 3730 A 

I +10 A 

EXIT PLANE OF 
JÄRRELL ASH- 

MONOCHROMETER 

PHOTOMULTIPLIER 
LIGHT SHIELDS 

PHOTOMULTIPLIER «n 
SHORT WAVEL.   -GTH 
ABSORPTION CONTINUUM 

PHOTOMULTIPLIER #2 
RESONANCE ABSORPTION 

IN IRON AT 371994A 

PHOTOMULTIPLIER *Z 
LONG WAVELENGTH 
ABSORPTION CONTINUUM 

Figure 8    MONOCHROMETER EXIT PLANE DETECTOR CONFIGURATION 



(a)   2 o = 180c 

(b)   2 a = 45c 

E    2 

i            : 

^ 
0          1            f 3            4            5            6             7             8 9           10           1 1 

X , km/sec 

NOTE:   DATA OBTAINED FROM REFERENCE 9. 

Figure 9       DISTRIBUTION OF VAPOR ATOMS OVER FORWARD VELOCITY, X, AND 
RADIAL COMPONENT, Y, AS MEASURED AT THE MAX PLANCK INSTITUT 
a    IS THE ANGLE OF THE H.E. CHARGE OUTPUT FACE WITH RESPECT 
TO THE CHARGE AXIS OF REVOLUTION 
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Figure 11     P-V DIAGRAM FOR IRON HAVING VARIOUS INITIAL SPECIFIC VOLUMES V 
THE DISTENTION RATIO, m, IS GIVEN FOR THE PRE HEATED SAMPLE     '    0 
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